The anterior pituitary gland (adenohypophysis) comprises anterior and intermediate lobes (the pars distalis and pars intermedia) arising from placodal ectoderm at the anterior neural ridge. Signaling molecules including SHH, FGF, WNT, BMP and Notch are involved in regulating primordial pituitary proliferation and lineage determination. However, morphogenic events and molecular mechanisms governing anterior and intermediate lobe specification are not clear. Pituitary expression of proopiomelanocortin (POMC), the common precursor for adrenocorticotropin (ACTH) of pars distalis corticotropes and α-melanocytestimulating hormone (α-MSH) of pars intermedia melanotropes, provides a unique marker for anterior and intermediate lobe morphogenesis. We performed time-lapse confocal microscopy lineage tracing in live zebrafish embryos expressing GFP driven by the pomc promoter and show distinct migration pathways of POMC cells destined to the anterior and intermediate lobes. Using morpholino oligonucleotides, we show that hypomorphic FGF3 down-regulation induces specific defects of pars intermedia POMC cells while pomc, growth hormone and prolactin expression remain intact in the pars distalis. This lineage-specific process is independent of the FGF3 effect on early pituitary specifying transcription factors as indicated by normal Lim3 and Pit1 expression in hypomorphic FGF3 morphants. These findings suggest that the FGF3 signal, in addition to its previously described role of regulating progenitor proliferation and survival, delineates the melanotrope and corticotrope lineage boundary, contributing to establishment of the pituitary pars distalis and pars intermedia.
Introduction
The adenohypophysis (anterior pituitary), comprising the pars distalis and pars intermedia (anterior and intermediate lobe), is derived from the ectodermal midline structure located immediately anterior to the neural plate, the anterior neural ridge (ANR), while the neurohypophysis (pars nervosa or posterior lobe) arises from the ventral diencephalic neuro-ectodermal infundibulum (Treier and Rosenfeld, 1996) . In mammals, development of the anterior pituitary starts from the formation of Rathke's pouch (RP), a midline dorsal invagination of oral cavity toward the presumptive hypothalamus and infundibulum. In response to multiple developmental signals, primordial cells of the ventromedial RP progress to form the anterior lobe containing corticotropes producing adrenocorticotropin (ACTH), thyrotropes producing thyrotropin (TSH), somatotropes producing growth hormone (GH), lactotropes producing prolactin (PRL), and gonadotropes producing the gonadotropins (LH, FSH). The dorsal RP region eventually becomes the intermediate lobe, containing melanotropes producing α-melanocyte-stimulating hormone (α-MSH).
In zebrafish, pituitary patterning and terminal differentiation initiate while progenitor cells are still organized in a horseshoe-like pattern as a placode within the ANR (Glasgow et al., 1997; Kawamura et al., 2002; Liu et al., 2003; Sbrogna et al., 2003) . The posteriorly apposed anterior-end of the neural plate forms the hypothalamus and infundibulum. During morphogenesis, adenophypophyseal primordia migrate caudally under the ventral forebrain and establish dorso-ventral connections within the infundibulum and neurohypophysis. Hormone-producing cells are eventually organized into three distinct domains along the anterior-posterior axis with corticotropes and lactotropes localizing in the rostral pars distalis (RPD), somatotropes, thyrotropes and gonadotropes in the proximal pars distalis (PPD), and melanotropes in the pars intermedia (PI) .
Anterior lobe corticotropes and intermediate lobe-derived cells share the same proopiomelanocortin (POMC) prohormone with distinct posttranslational derivatives. Corticotropes secret ACTH acting on the adrenal cortex to stimulate cortisol synthesis and secretion. α-MSH is a potent melanotropin involved in inflammatory modulation, however the physiologic role of the pars intermedia is largely unexplained (Melmed, 2003) . During human embryonic development, the pars distalis and pars intermedia show fully differentiated POMC cells at 12weeks of gestation. Later, pars intermedia cells may migrate into the anterior lobe, or remain at the original anatomical site but give rise in later adult life to hyperplastic "basophil invasion" into the neurohypophysis (Horvath and Kovacs, 2003) . The pars intermedia may play a role in the histogenesis of silent "corticotrope" adenomas that exhibit histologic, immunocytochemical and ultrastructural features similar to those of ACTH secreting corticotrope adenomas, but without excess ACTH secretion (Horvath and Kovacs, 2003; Scheithauer et al., 2000) . In the murine pituitary, POMC cells differentiate in the ventromedial zone of the pars distalis on Day E12.5, and in the pars intermedia on Day E14.5 (Japon et al., 1994) . As pituitary progenitors leave their niche to populate the anterior and intermediate lobes, corticotropes and melanotropes may specify and differentiate together, but afterwards localize into different lobes. Alternatively, POMC cell differentiation in the pars intermedia may occur subsequently to posterior migration of the pituitary anlage.
Early in organogenesis, several homeodomain transcription factors and dorsal-ventral signals of FGFs, BMPs, SHH and Wnts regulate pituitary cell fate determination, specification and proliferation (Burgess et al., 2002; Dasen and Rosenfeld, 1999; Raetzman et al., 2002; Scully and Rosenfeld, 2002; Ward et al., 2005) . Ventral diencephalic FGF signaling opposes BMP signaling, promotes progenitor proliferation and prevents their exit from the cell cycle while maintaining a high level of LIM homeobox gene Lhx3 expression (Ericson et al., 1998; Ohuchi et al., 2000; Treier et al., 1998) . Wnt signaling affects pituitary proliferation (Brinkmeier et al., 2003; Kioussi et al., 2002) and targets pituitary β-catenin, which interacts directly with the paired-like homeobox protein Prop1 to activate the POU-homeodomain transcription factor Pit1, a lineagedetermining factor for somatotropes, lactotropes and thyrotropes, while repressing Hesx1 that favors cellular pluripotency (Kioussi et al., 2002; Olson et al., 2006) . Pit1 lineage commitment also requires sustained endogenous Notch signaling, which activates Prop1 expression and prevents progenitor conversion to earlyarising lineages such as corticotropes via its down-stream DNAbinding protein Rbp-J and transcriptional repressor Hes1 (Raetzman et al., 2006; Zhu et al., 2006) . In the absence of Hes1 or Rbp-J activity, anterior lobe progenitors take on the corticotrope cell fate at the expense of Pit1 + lineages with up-regulation of the lineagerestricted T-box transcription factor Tpit/Tbx19 and basic helixloop-helix (bHLH) factor NeuroD1, both required for POMC cell terminal differentiation Kita et al., 2007; Lamolet et al., 2004 Lamolet et al., , 2001 Liu et al., 2001; Pulichino et al., 2003b; Suh et al., 2002; Tremblay et al., 1998; Zhu et al., 2006) . On the other hand, Hes1 is required for melanotrope specification and dorsal RP progression into the intermediate lobe, a function likely independent of Notch signaling (Kita et al., 2007; Raetzman et al., 2007; Zhu et al., 2006) . In the Prop1 deficient mouse pituitary, abundant POMC + precursors are expressed throughout the expanded intermediate as well as anterior lobe. However, α-MSH is only expressed in intermediate lobe regions with direct infundibular contact, suggesting that ventral hypothalamic signals are required for hormonesecreting intermediate lobe cell differentiation (Ward et al., 2005) . It remains unclear how POMC progenitors are fated to distinct lineages of the anterior versus intermediate lobes.
Hypothalamic FGF expression coincides with all stages of pituitary development promoting progenitor proliferation and survival (De Moerlooze et al., 2000; Ericson et al., 1998; Herzog et al., 2004; Norlin et al., 2000; Ohuchi et al., 2000; Treier et al., 1998) . Targeted geneknockout mice deficient in FGF10 (Ohuchi et al., 2000) or its high affinity receptor, FGF receptor 2 IIIb (FGFR2IIIb), exhibit initial RP formation with subsequent extensive apoptosis by e10 (De Moerlooze et al., 2000) . Zebrafish ventral diencephalic FGF3, which also predominantly binds to the FGF receptor 2 IIIb isoform (Fgfr2IIIB) (Kiefer et al., 1996) , plays a role similar to mouse FGF10 in progenitor proliferation and survival during initial pituitary commitment and patterning (Herzog et al., 2004) . Furthermore, gain of function genetic studies and ex vivo organ culture experiments indicate the essential function of the dorso-ventral FGF gradient during adenohypophyseal patterning. FGF, integrating with BMP signaling, controls the onset of corticotrope terminal differentiation by regulating progenitor proliferation (Ericson et al., 1998; Norlin et al., 2000; Treier et al., 1998) . However, mechanisms for FGF contribution to lineage-specific effect on intermediate lobe melanotropes are still elusive. We postulate that while FGF signal attenuation is essential for POMC precursor progression into anterior lobe corticotropes (Ericson et al., 1998; Norlin et al., 2000; Treier et al., 1998) , sustained FGF signaling may be required for melanotrope terminal differentiation. Using in vivo lineage tracing by time-lapse confocal microscopy combined with morpholino oligonucleotide-mediated gene inactivation, we report the function of FGF3 during zebrafish POMC cell ontogeny, defining a genetic and developmental boundary between two distinct pituitary POMC lineages in a gene-dose-dependent fashion.
Materials and methods
Whole-mount RNA in situ hybridization, TUNEL assay, bromodeoxyuridine (BrdU) immunostain Zebrafish POMC, PRL, GH, Pit1 and Lim3 antisense mRNA were generated as described (Liu et al., 2006) . RNA in situ hybridizations of zebrafish whole-mount embryos were performed according to established protocols (Liu et al., 2003) .
For detection of apoptosis, 1-2 cell stage POMC-GFP transgenic embryos were injected with either 0.4ng/embryo of standard control MO or FGF3 MO then cultured in routine medium. At 36 hpf, the embryos were fixed overnight in 4% paraformaldehyde and rehydrated in PBS/methanol series (50%, 70%, 95% and 100%) followed by incubation in 100% acetone (− 20°C) for 10min and three rinses in PBS containing 0.1% Tween-20. Cell death was then detected using an in situ Cell Death Detection Kit, TMR Red (Roche) at manufacture's instructions.
For BrdU staining, embryos at 10-somite stage were placed in 10mM BrdU (Sigma) in E3 medium and kept in dark at 28°C until 36hpf. Then embryos were fixed in 4% PFA for 2h at room temperature, and incubated in 1N HCl for 1h. After washing in PBT, the embryos were incubated with 5% goat serum in PBT for 1h, then over night at 4°C in 1:100 mouse anti-BrdU monoclonal antibody (Chemicon). The embryos were then washed in PBT followed by incubation over night at 4°C in 1:100 Cy2 conjugated donkey anti-mouse antibody (Jackson Immunoresearch) and visualized under a fluorescein isothiocyanate (FITC) filter on a Zeiss microscope (Zeiss Axioplan-2).
Morpholino antisense microinjection
FGF3 and standard control morpholino oligonucleotides were purchased from Gene Tools, LLC (Philomath, Oregon). FGF3 MO sequence: 5′-CATTGTGGCATGGCGG-GATGTCGGC (Maroon et al., 2002) . For injection, morpholinos were diluted in 1× Danieu's buffer to a concentration of 1mM. Each one-to two-cell stage embryo was injected with 1nl at different doses of 0.4, 0.8 and 1.2ng. For control group, 1.2ng of standard control MO was injected to each embryo.
Fluorescent microscopy and confocal microscopy
Transgenic embryos were examined at various developmental stages under a fluorescein isothiocyanate (FITC) filter on a Zeiss microscope (Zeiss Axioplan-2). Live embryo images were generated with an Axiocam video system (Zeiss). For timelapse confocal microscopy studies, 18-somite stage embryos were dechorionated and embedded in 0.8% low melting point agarose with 0.05% 3-aminobenzoic acid ethyl ester in E3 medium. To prevent drying, the embedded embryo was covered within a home made holding chamber maintained at 28°C. The images were captured every 30min for 20-24h using a Leica TCS SP confocal microscope (Leica Microsystems, Germany). GFP was detected at a spectral range from 507 to 550nm and RFP from 585 to 690nm.
Maintenance of zebrafish and SU5402 treatment
Embryos were obtained from natural spawning of wild type (AB) or homozygous POMC-GFP adult zebrafish and maintained as described (Kimmel et al., 1995; Liu et al., 2003) . Embryo staging was carried out according to Kimmel (Kimmel et al., 1995) . SU5402 (gift from Dr. Bo Zhang, Beijing University, China) was dissolved in DMSO at a stock concentration of 2mM, diluted in E3 medium and added to live embryos at 22-26hpf. After treatment, the embryos were washed and transferred to fresh E3 medium.
Results

Temporally and spatially distinct ontogeny of POMC cells destined to the pars distalis and pars intermedia
Little is known about how POMC cells are destined to become either anterior lobe corticotropes versus intermediate lobe melanotropes. It is also unclear whether POMC cells in the PD and PI specify and differentiate independently, or they migrate later into distinct adenohypophyseal regions. To investigate in vivo pituitary POMC lineage ontogeny, we generated germline transgenic zebrafish (POMC-GFP) expressing green fluorescent protein (GFP) driven by a 1006-bp POMC gene promoter corresponding to exon 1 and the first 22bp of exon 2. Transgenic POMC-GFP expression recapitulates the pattern of endogenous pituitary Pomc expression from embryonic through adult stages (Liu et al., 2003) . We carried out lineage tracing in live POMC-GFP transgenic embryos using time-lapse confocal microscopy analysis. The recorded video is depicted in Supplemental Information 1. At 28h-post-fertilization (hpf), POMC-GFP cells were detected within the most anterior neural ridge (ANR) area, bilateral to the midline adenohypophyseal placode (Supplemental Information 1 and Fig. 1A arrowheads). As the embryo develops, POMC cells also start to appear as asymmetric longitudinal groups from the lateral-posterior surface of the ANR, first on the left (Supplemental Information 1 and Figs. 1A, B arrows) and then on the right side of the placode (Supplemental Information 1 and Fig. 1C arrows) . As a result of medial-posterior migration, POMC cells within the most anterior neural ridge are eventually destined to the RPD whereas the lateral-posterior POMC cells are located in the PI (Supplemental Information 1 and Figs. 1A-F). Taken together, the results demonstrate that zebrafish POMC cells in the RPD and the PI arise with distinct temporal and spatial patterns within the ANR, following lineage-specific migratory pathways before reaching a definitive pituitary destination.
Differential sensitivity of PI and PD POMC cells to loss of FGF3 signaling
During zebrafish forebrain development, diencephalic FGF3 signaling is required for early specification of the adenohypophyseal anlage, which is in close contact with the presumptive infundibulum (Herzog et al., 2004) . From early to late somite stages, FGF3 expression within the dorsal telencephalon and ventral diencephalon coincides with pituitary development from early specification to terminal differentiation (Walshe and Mason, 2003) . Receptor binding experiments indicate that zebrafish FGF3 predominantly binds the FGF receptor 2 IIIb isoform (Fgfr2IIIB) (Kiefer et al., 1996) . Starting from early somatogenesis, zebrafish Fgfr2 is diffusely expressed in the central nervous system including ventral telencephalon, anterior/ ventral diencephalon, midbrain and hindbrain. This expression pattern is essentially unchanged until at least 48 hpf (Tonou-Fujimori et al., 2002) . Due to further cell migration during brain development, anterior-most adenohypophyseal progenitor cells within the ANR (giving rise to PD) are subsequently distanced from the diencephalon while lateral-posterior cells (giving rise to PI) continue to be in close contact with the infundibular FGF3 signal (Herzog et al., 2004) . This is similar to development patterns of the mouse embryonic pituitary: as pluoripotent progenitors leave their niche from the dorsal-most RP and grow ventromedially away from the ventral hypothalamus to populate the anterior lobe (or PD), cells proliferating into the dorsal RP to form the intermediate lobe (or PI) have continuous direct infundibular contact. Gain of function studies suggest that FGF signal attenuation in anterior lobe POMC precursors is required for corticotrope terminal differentiation. However, these studies did not address FGF effects on intermediate lobe melanotrope ontogeny (Ericson et al., 1998; Norlin et al., 2000; Treier et al., 1998) . We postulate that different FGF3 requirements of the anterior-most and lateral-posterior ANR pituitary precursors may contribute to establishing distinct POMC cell lineages in zebrafish RPD and PI. The potential role of FGF3 in RPD and PI POMC cell specification and differentiation may have been masked in Fgf3 null mutants due to early adenohypophyseal progenitor apoptosis (Herzog et al., 2004) . To test this hypothesis, we treated POMC-GFP transgenic embryos with the FGF receptor inhibitor SU5402 between 22 to 26 hpf to transiently block FGF signaling. At 36 hpf, SU5402-treated embryos show diminished PI POMC-GFP cells while adenohypophyseal morphology appears normal (Figs. 1I-2L ). Overall, 105 of 132 embryos treated with SU5402 presented with diminished PI POMC-GFP cells, while 10 of 87 embryos treated with vehicle show abnormal POMC-GFP phenotype (data not shown). Furthermore, we performed antisense morpholino oligonucleotide (MOs) mediated gene knockdown to investigate FGF3 effects on POMC cell ontogeny in distinct parts of the adenohypophysis. One to two cell stage POMC-GFP transgenic embryos were injected with FGF3 MOs, which have been previously established to specifically inhibit FGF3 protein translation and cause hypomorphic reductions in FGF3 activity (Maroon et al., 2002) . At 24 hpf, embryos (morphants) injected with 0.4ng/embryo FGF3 MO exhibit mild craniofacial and posterior axis defects but normal POMC-GFP expression within the anterior-most ANR (data not shown). By 56 hpf, FGF3 morphants show either diminished PI POMC-GFP expression with intact RPD POMC-GFP expression, or diminished POMC-GFP in both RPD and PI (Figs. 2A-D and E, top panels). For further quantification, FGF3 morphants were classified into four groups according to the severity of POMC-GFP defects ( Fig. 2E ). When injected with 0.4ng/embryo, 60% of FGF3 morphants show diminished POMC-GFP expression only in PI. Further dose increase of FGF3 MO injection to 1.2ng/embryo leads to further POMC-GFP suppression in both RPD and PI (Fig. 2E) . These results suggest that FGF3 exhibits a dose-dependent effect on distinct POMC lineages with PI POMC cells being more susceptible to altered FGF3 signals than those of the RPD.
Low dose FGF3 morphants with diminished POMC cells in the pars intermedia display intact Pit-1, Gh and Prl expression
To further determine whether diminished POMC cells in response to hypomorphic FGF3 gene knockdown represent lineage specific or general suppression involving other pituitary cell types, we carried out whole mount in situ analyses of lineage specific hormone expression targeting Pit1-dependent lactotropes and somatotropes (Fig. 3) . Low dose FGF3 morphants with RPD POMC-GFP expression, but absent PI expression exhibit intact Pit1, Prl, and Gh expression at 56 hpf (Figs. 3E-G) , indicating that other cell lineages in the pars distalis are not affected by low dose FGF3 knock down. This was further confirmed in vivo by injecting 0.4ng/embryo of FGF3 morpholino into germline double transgenic zebrafish embryos expressing GFP targeted to POMC cells and RFP targeted to lactotropes by the Prl promotor (Liu et al., 2006) . The hypomorphic FGF3 attenuation leads to down-regulation of PI POMC-GFP without affecting POMC-GFP and PRL-RFP in the RPD (Fig. 4) . Therefore, the zebrafish FGF3 signal selectively regulates POMC expression in the RPD and PI, independently of lactotrope and somatotrope lineages.
Further suppression of FGF3 activity with higher MO doses causes decreased Pit1, Prl and Gh expression, in addition to diminished POMC cells in both RPD and PI (Figs. 3I-K) , a phenotype consistent with that of the Fgf3 null mutation affecting all pituitary lineages due to failed progression of progenitors beyond the initial anlage (Herzog et al., 2004) . It is, however, unclear whether higher doses of FGF3 MO downregulate RPD POMC expression independently of effects on general pituitary progenitors.
Selectively diminished POMC cells in the pars intermedia of low dose FGF3 morphants are not due to post-differentiation disruption
Defective expression of PI POMC with low dose FGF3 morphants may indicate disruption of patterning, lineage specification, terminal differentiation, or post-differentiation events involving proliferation and/or survival. To date, lineage-specific transcription factors required for POMC cell differentiation such as Tpit/Tbx19 and NeuroD1 have not been identified in the zebrafish pituitary. Pituitary terminal differentiation, as evidenced by lineage specific hormone expression, starts while progenitor cells are still organized as a placode within the ANR Liu et al., 2003; Sbrogna et al., 2003) . To monitor in vivo effects of FGF3 MO on RPD and PI POMC cell ontogeny, we performed time-lapse confocal microscopic tracing of GFP positive cells in germline POMC-GFP transgenic embryos injected with 0.4ng/ embryo FGF3 MO. Initially at 26hpf, cells within the anterior-most surface of the ANR exhibit intact GFP expression while undergoing lateral-medial migration (Figs. 5A-F, arrowhead) . During the subsequent 18h, however, GFP cell initiation was not detected within the lateral-posterior ANR area, as the anterior-most cells continue to move medio-posterior into the head (compare Figs. 1A-F and Figs. 5A-F, G and H, Supplemental Information 1 and 2).
To further investigate mechanisms for diminished PI POMC-GFP, whole mount TUNEL assay was performed to detect apoptotic cells. At 36hpf, few pituitary cells undergo apoptosis and no detectable differences were observed in embryos with intact POMC-GFP (from control MO injection) or diminished PI POMC-GFP (from 0.4ng/ embryo FGF3 MO injection) (Figs. 5 I-N) . Similarly, as pituitary cells replicate slowly after initial specification (Chesnokova et al., 2007) , BrdU incorporation rate was undistinguishable in both control and FGF3 morphants (Supplemental Information 3). These results suggest that hypomorphic FGF3 signaling disruption leads to failed onset of POMC cells within the lateral-posterior region of ANR that were destined to the PI, rather than post-differentiation disruption.
Hypomorphic FGF3 morphants with diminished PI POMC-GFP exhibit intact Lim3 expression
As FGF is required for maintaining adequate levels of Lim3/Lhx3 expression essential for pituitary progenitor proliferation and survival (Ericson et al., 1998; Ohuchi et al., 2000; Treier et al., 1998) , the diminished PI POMC-GFP expression in FGF3 morphants may result from suppressed Lim3/Lhx3 expression leading to loss of POMC progenitors. We therefore performed whole mount mRNA in situ hybridization analysis of Lim3/Lhx3 expression. In FGF3 morphants with diminished lateral-posterior POMC-GFP only (phenotype II in Fig. 2E ), pituitary Lim3 expression remains intact at 32 hpf (Fig. 6 ), suggesting that hypomorphic FGF3 reduction selectively suppresses PI POMC cells via Lim3 independent mechanisms. Increasing the FGF3 MO injection dose to 1.2ng/embryo eventually leads to significant loss of Lim3 expression, similar to that of fgf3 null mutants ((Herzog et al., 2004) and data not shown). As Lim3 is one of the earliest pituitary specifying transcription factors, intact lim3 expression at 32 hpf suggest preserved progenitor cells in hypomorphic FGF3 morphants. Therefore, higher FGF3 levels are required for PI POMC cell specification and/or differentiation than early specification of the general pituitary progenitors.
Discussion
Pars distalis (PD) and pars intermedia (PI) POMC cells are closely associated as indicated by their common POMC prohormone expression that is a hallmark of corticotrope and melanotrope lineage terminal differentiation. The current study depicts in vivo temporal and spatial pathways of POMC lineage ontogeny within the zebrafish pars distalis and pars intermedia. Importantly, the distinct lineage boundary is clearly established while the pituitary placode is still organized within the ANR, and is well maintained throughout organogenesis.
While analysis of FGF or FGF receptor null embryos generated by gene targeting or chemical mutagenesis have revealed important FGF functions for pituitary progenitor specification, proliferation and survival, abundant embryonic pituitary apoptosis prevents further study of FGF roles in pituitary lineage specification and differentiation (De Moerlooze et al., 2000; Herzog et al., 2004; Ohuchi et al., 2000) . Gain of function studies suggest a biphasic dependence of anterior lobe POMC cell differentiation on FGF signaling: an early phase which requires the FGF signal to establish a corticotrope progenitor state, and a late phase which requires attenuation of FGF activity as anterior lobe cells grow beyond ventral hypothalamic signaling (Ericson et al., 1998; Norlin et al., 2000; Treier et al., 1998) . However, it remains to be determined whether FGF signaling is required throughout the specification and differentiation of intermediate lobe POMC cells, which have a closer infundibular contact than cells of the anterior lobe.
In the current study, morpholino antisense-mediated FGF3 gene knockdown in zebrafish causes hypomorphically reduced FGF3 activity, which is inadequate for pars intermedia POMC cell ontogeny, but sufficient for maintaining early pituitary progenitors as indicated by intact Lim3 and Pit1 expression. Our study reveals a dosedependent FGF3 effect on distinct POMC lineages with PI POMC cells being more susceptible to reduced FGF3 signals than those of the RPD. The relative FGF3-indepence of RPD POMC-GFP expression is consistent with previous findings in murine pituitary where progression to definitive corticotropes occurs in absence of FGF signaling (Ericson et al., 1998) .
Integrating the previously published results and our current study, we propose a model of POMC cell migrating pathways in relation to diencephalic FGF3 expression during pituitary ontogeny. We propose a requirement for the FGF3 signal in establishment of distinct POMC cell lineages in RPD and PI (Fig. 7) . During early stages of pituitary specification, the zebrafish adenohypophyseal anlage within the ANR is equally exposured to diencephalic FGF3 signals, ensuring overall pituitary anlage proliferation and survival (Herzog et al., 2004) . Diencephalic FGF signals are required for establishing the POMC lineage progenitor state (Ericson et al., 1998; Herzog et al., 2004; Norlin et al., 2000; Treier et al., 1998) . During further development, anterior-most POMC progenitor cells within the ANR (giving rise to RPD) undergo predominantly ventromedial migration and are therefore distanced from the dorsal-posterior migrating diencephalon. Lateral-posterior POMC cells (giving rise to PI) continue to be in closer association with the diencephalic (presumptive infundibular) FGF3 signal via rapid medial-ventral-posterior migration ((Herzog et al., 2004) , Figs. 1, 2, Supplemental information 1 and 2). As a result, FGF signal attenuation allows PD corticotrope differentiation, while sustained FGF signaling is required for lateral-posterior POMC cell progression into PI melanotropes.
Several possible mechanisms may underline selective PI POMC cell suppression in response to FGF3 hypomorphic down-regulation. Due to the lack of zebrafish POMC lineage-specific makers other than POMC itself, it is still uncertain whether RPD and PI POMC cells share equivalent or distinct progenitors prior to terminal differentiation. Our data support distinct RPD and PI POMC progenitor populations as indicated by the temporally and spatially distinguishable onset of POMC cells with the ANR, although precursor cells may derive from each other. FGF3 may promote both RPD and PI POMC progenitor expansion. While RPD cells are distanced from the ventral hypothalamus and differentiate into POMC + cells, PI progenitors may require a At early stages of pituitary specification, the zebrafish adenohypophyseal anlage within the ANR experience equal exposure to diencephalic FGF3 signals, ensuring overall pituitary anlage proliferation and survival. Diencephalic FGF signals are required for establishing the POMC lineage progenitor state (A). During further development, anterior-most POMC progenitor cells within the ANR (giving rise to RPD) undergo predominantly ventromedial migration and are therefore distanced from the dorsal-posterior migrating diencephalon. Lateral-posterior POMC cells (giving rise to PI) continue to be in closer association with diencephalic (presumptive infundibular) FGF3 signal via rapid medial-ventral-posterior migration (B). As a result, FGF signal attenuation allows POMC precursor progression into PD corticotropes, similar to murine corticotrope development. Sustained FGF signaling in lateral-posterior POMC cells is required for PI melanotrope terminal differentiation (C). Different FGF3 requirements of anterior-most and lateral-posterior ANR POMC precursors contribute to establishment of distinct POMC RPD and PI cell lineages. sustained FGF3 signal for further proliferation before emerging as definitive melanotropes. Alternatively, FGF3 may only be required for PI melanotrope terminal differentiation. Ultimately, different susceptibility to FGF3 signaling delineates two POMC lineages into distinct anterior and intermediate lobe destinations. However, it remains to be determined whether the FGF3 signal acts directly or indirectly on POMC cells.
Molecular and cellular mechanisms underlying FGF3 differential regulation of POMC lineages are beyond the scope of this manuscript. Several transcription factors and soluble factors that control pituitary POMC cell development have been identified (Bousquet et al., 2000; Chesnokova and Melmed, 2002; Lamolet et al., 2004 Lamolet et al., , 2001 Melmed, 2001; Poulin et al., 1997; Pulichino et al., 2003a,b) . However, few studies have associated transcriptional factors with signaling molecules during specification, patterning and differentiation of hormone producing cells (Kioussi et al., 2002; Olson et al., 2006; Raetzman et al., 2004) . During vertebrate axis formation, FGF signaling regulates anterior-posterior patterning by targeting the downstream mesoderm T-box transcription factors Spadetail/tbx16 (Spt) and Brachyury (Ntl for no tail in zebrafish) both essential for posterior structural (spinal cord, somites) development (Amaya et al., 1993; Griffin et al., 1998; Isaacs et al., 1994; Schulte-Merker and Smith, 1995) . Spt and Ntl also act upstream of FGF via a positive auto-regulatory loop, interacting with other signaling molecule(s) to form complex genetic networks governing the posterior mesoderm formation (Griffin and Kimelman, 2003) . In the ectodermal adenohypophysis, Tpit/Tbx19 is a T box transcription factor closely related to Brachyury and specifically expressed in POMC cells. The Tpit/Tbx19 is required for POMC lineage differentiation but not for lineage commitment (Lamolet et al., 2001; Liu et al., 2001; Pulichino et al., 2003b) . Recent studies indicate that sustained endogenous Notch signaling suppress early corticotrope differentiation, whereas Nortch target gene Hes1 is required for intermediate lobe and melanotrope specification (Kita et al., 2007; Raetzman et al., 2007; Zhu et al., 2006) . In neuronal and pancreatic cells, FGF and Notch signaling interact to integrate cell growth and terminal differentiation (Akai et al., 2005; Faux et al., 2001; Norgaard et al., 2003) . It will be interesting to determine whether Tpit/Tbx19 and Notch/Hes signals are involved in selective FGF signaling on POMC lineages.
